Abstract: Ground source heat pumps (GSHPs) are one of the most widespread forms of geothermal energy technology. They utilise the near-constant temperature of the ground below the frost line to achieve energy-efficiencies two or three times that of conventional air-conditioners, consequently allowing a significant offset in electricity demand for space heating and cooling. Relatively mature GSHP markets are established in Europe and North America. GSHP implementation in Australia, however, is limited, due to high capital price, uncertainties regarding optimum designs for the Australian climate, and limited consumer confidence in the technology. Existing GSHP design standards developed in the Northern Hemisphere are likely to lead to suboptimal performance in Australia where demand might be much more cooling-dominated. There is an urgent need to develop Australia's own GSHP system optimisation principles on top of the industry standards to provide confidence to bring the GSHP market out of its infancy. To assist in this, the Queensland Geothermal Energy Centre of Excellence (QGECE) has commissioned a fully instrumented GSHP experimental facility in Gatton, Australia, as a publically-accessible demonstration of the technology and a platform for systematic studies of GSHPs, including optimisation of design and operations. This paper presents a brief review on current GSHP use in Australia, the technical details of the Gatton GSHP facility, and an analysis on the observed cooling performance of this facility to date.
Introduction
A ground source heat pump (GSHP), also referred to as a geothermal heat pump (GHP), ground-coupled heat pump (GCHP), GeoExchanger, etc., is a heat pump system that utilizes the ground as a thermal energy reservoir. In heating mode, a GSHP uses the ground as a heat source, and in cooling mode as a heat sink. Due to the nearly-constant temperatures of the ground at depths below a certain number of metres, a GSHP operates over smaller temperature differences than heat pumps using the atmosphere as a thermal energy reservoir (i.e., conventional air conditioners). GSHPs consequently achieve energy efficiencies or coefficients of performance (COPs) substantially better than air source air conditioning systems [1, 2] . They are therefore regarded as to be green energy technology. GSHP can be widely used in space heating and cooling, domestic appliances (such as water heaters, dryers, fridges etc.) as well as a variety of industrial and agricultural applications where massive heating/cooling is needed [3] .
A typical GSHP system for domestic air conditioning consists of three major parts: a ground heat exchanger system, a heat pump, and a heat distribution system or air handling unit (AHU) [4] . GSHPs
Opportunities
Australia includes a wide range of climates from south to north and from coastal to interior, including temperate, grassland, desert, subtropical, tropical, and equatorial climate zones [12] . It is consequently not possible to generalise GSHP designs for all, or even most Australian sites. Nonetheless, the majority of the country's population inhabit areas with a warm climate, with relatively mild winters and hot, dry summers. The southern parts of the country can experience substantial seasonal lows with temperatures sometimes well below zero. Table 1 shows temperature variability of six major Australian cities, illustrating the implicit variation in demand for space heating and cooling.
Additionally, due to substantially higher solar irradiance than experienced in the most populous parts of the Northern Hemisphere, Australian indoor daytime temperatures are usually higher than the meteorological measurements. This further increases the already substantial climate-induced demands for space cooling. Despite Australia's small national population, the existing capacity of the Australian air-conditioning market is substantial. It was estimated that, by 2011, there were more than 11.5 million stationary air conditioning units for domestic and business space cooling/heating [14] , or approximately 0.5 units per capita. The overwhelming majority of them are traditional air source heat pumps. These units collectively consume 36,845 GWh of electricity annually [14] -approximately 14.7% of total electricity generation-and are the cause of approximately 6.6% of annual Australian greenhouse gas emissions [15] .
Having adopted a target of reducing carbon emissions to 26%-28% of 2005 levels by 2030 [16] , Australia is under increasing pressure to use more green and renewable energy. Considering GSHPs have been commercially viable from improved efficiency alone in the Northern Hemisphere, this technology could play a critical role in reaching Australia's greenhouse gas reduction targets. By replacing traditional low-energy-efficiency air sourced heat pumps with GSHPs achieving a twoto three-fold increase in efficiency, Australia has an opportunity to reduce national carbon emissions on the order of 3.3%. This indicates the substantial potential environmental benefit for Australia of increased GSHP uptake.
In addition to the above consideration, Australia provides at least these excellent conditions for the profound development of the GSHP industry:
1 Low population density
The population density in Australia, approximately 2.9 persons per km 2 is much lower than in Europe (120 persons per km 2 in the European Union) and the USA (35 persons per km 2 ). This provides an advantage for applications of ground source heat pumps, as more available land area increases flexibility of GSHP design and construction, consequently reducing capital investment.
Expensive electricity
Australian electricity prices are high (the effective nationwide residential electricity price is $0.29 AUD/kWh [17] ) compared to the US ($0.10 USD/kWh [18] ), and higher than many European countries (domestic consumer prices including taxes and levies averages around €0.14 EUR/kWh for the 28 EU countries as of 2015 [19] ). Higher electricity prices improve the commercial competitiveness of GSHP compared to conventional air-conditioning systems due to their reduced power demand.
Established mining and geotechnical technological capabilities
The Australian economy has historically had a large mining sector, contributing 8% of Australia's GDP [20] . This has been associated with mature, world-class mining technology and services companies, including drilling, geotechnical and geological surveying, and underground resource management capabilities. Many of these technologies and services are transferrable to GSHP applications. This provides the potential for rapid future growth of a GSHP industry despite limited current activity. Furthermore, there may be opportunities to innovate on global best-practice GSHP construction and drilling techniques by utilising advances in the mining sector, ultimately further reducing GSHP costs and improving competitiveness. 
Current State and Challenges
An estimation based on limited public information shows current total capacity of the GSHP in Australian market is around 2.50 MW t [3] . While development of GSHP technology is expected to be industry-led, there are very few companies in Australia that currently offer commercial or residential GSHP design and construction services. A small number of projects have been commissioned, including the Geoscience Australia (GA) office building in Canberra, the Integrated Energy Management Centre, Antarctic Centre, and Aquatic Centre in Hobart. The GA building project remains the country's largest GSHP installation as of December 2014 [21] . Several new big projects have been announced, including a GSHP network for an 800-block housing estate at Fairwater near Blacktown in Sydney's west [21] . Current Australian GSHP research activities are limited, with the main research having been conducted by Melbourne University on ground heat exchangers, and Monash University on geothermal energy piles [7, 22] .
Consequently, the Australian GSHP industry faces substantial challenges in establishing GSHPs as a widely-accepted technology. The most critical current challenges are high installation prices and a lack of specific optimisation principles, both related to business activity and GSHP design and performance. Both challenges, although particularly the former, are due to the small volume of the national market.
The initial cost for a GSHP system in Australia and New Zealand is currently in the range from $25,000 to > $30,000 AUD for a typical house with thermal capacity usually lower than 10 kW [23] . The cost is six to eight times higher than a conventional air-conditioning system. GSHP installation prices in Australia are higher to those in the USA which average $1900 USD for per kW. Whereas in the USA these prices are well-accepted by the market, in Australia there has not been a large uptake, despite higher electricity prices, which should favour GSHP use. This discrepancy is generally attributed to a lack of familiarity of Australians with GSHP technology, implying that sufficiently widespread GSHP implementation may in itself initiate substantial growth of the GSHP industry. Additionally, economies of scale of a mature GSHP market may reduce the GSHP installation costs in Australia, as has happened in other parts of the world [23] .
Lack of GSHP system optimisation principles is another serious issue for the Australian GSHP industry. Currently, the country relies on the existing industry standards developed mainly in Europe and North America. In Europe, most GSHP applications are sized for base heating load targeting at equivalent full-load heating hours up to 6000 h [3] . GSHP units in U.S., on the other hand, are usually sized for peak cooling load and average over 2000 equivalent full-load heating hours per year [3] . Australian GSHP applications are more similar to those in U.S., and thus are it may be better to adopt US standards. However, the standards are not optimised for the climate and heating/cooling load differences between Australian and North American deployments. The particular design requirements for Australian GSHPs are firstly, a much larger absolute cooling requirement; and secondly, a much larger relative requirement of cooling in proportion to heating. This causes the ground resource more biased towards heat sinks. In contrast, North American applications tend to be more balanced between cooling and heating. The final consequence is that there will be different long-term ground temperature variations involved in typical GSHP operation, and potentially very different dynamics of the system over the course of the year in Australia. This means that guidelines from North America and Europe may result in considerably suboptimal designs. Furthermore, Northern Hemisphere guidelines are mainly driven by the heating, ventilation and air conditioning (HVAC) industry instead of the geotechnical industry, and therefore GSHP designs may not sufficiently account for the thermal characteristics of the ground at Australian sites [7] . Consequently, the designers of existing GSHP projects in Australia have usually tended to be either conservative or over-optimistic, resulting in either over-or under-designed systems that are even less competitive. Therefore, there is an urgent need to develop a set of design and optimization principles of GSHPs for Australian conditions and requirements, as supplementary guidelines on the basis of existing industry standards.
Gatton Ground Source Heat Pump (GSHP) Facility
With the goal of providing a basis for data collection, models validation, and new technology verification to assist in the development of design and optimisation principles for GSHPs for Australian climates, an experimental and demonstrative GSHP facility has been constructed at The University of Queensland's Gatton campus. The Gatton campus is located in South East Queensland, approximately 80 km east to Brisbane and 5 km outside of the town of Gatton. The campus has a sub-tropical climate, with highest and lowest daily temperatures of 44.5 • C and 11.8 • C, respectively. The campus overlies sandstone beds featuring coarse-to medium-grained sandstone with clay matrix.
System Description
The Gatton ground source heat pump plant ( Figure 1 ) is a vertical borehole type system. It serves as both a functional installation for the J.K. Murray Library of Gatton campus and an experimental facility for QGECE. The installation was fully commissioned in early 2016.
The Gatton GSHP plant consists of two independent ground heat exchanger-heat pump loop systems: a refrigerant direct expansion (DX) loop and an indirect condenser water (CW) loop, with a design cooling/heating capacity of 20 kW in each loop system. The use of two heat pump loops allows direct comparisons between the two most popular current GSHP system options. With the goal of providing a basis for data collection, models validation, and new technology verification to assist in the development of design and optimisation principles for GSHPs for Australian climates, an experimental and demonstrative GSHP facility has been constructed at The University of Queensland's Gatton campus. The Gatton campus is located in South East Queensland, approximately 80 km east to Brisbane and 5 km outside of the town of Gatton. The campus has a subtropical climate, with highest and lowest daily temperatures of 44.5 °C and 11.8 °C, respectively. The campus overlies sandstone beds featuring coarse-to medium-grained sandstone with clay matrix.
The Gatton GSHP plant consists of two independent ground heat exchanger-heat pump loop systems: a refrigerant direct expansion (DX) loop and an indirect condenser water (CW) loop, with a design cooling/heating capacity of 20 kW in each loop system. The use of two heat pump loops allows direct comparisons between the two most popular current GSHP system options. In the DX loop, the refrigerant used in the heat pump is directly circulated through the copper ground U-tubes installed in two 80-m-deep heat rejection boreholes. In contrast, the CW system uses an additional heat exchanger at the ground surface to transfer heat between the refrigerant and condenser water. The water is then circulated through the ground loop consisting of four 100-m-deep operating boreholes in a square diamond pattern. The six operating boreholes, regardless of the depth, are all 8 meters apart. Apart from the operating boreholes, each loop system has three monitoring wells at the same depth of its operating boreholes ambient ground temperatures with depth, as shown in Figure 1b . In addition, there is a 100-m-deep background monitoring borehole approximately 50 m away from its nearest operating borehole. This well provides reference measurements on the ground conditions of this area during the long-term operation of GSHP system.
On the ground, the two heat dumps supply hot or chilled water to a number of air handling units (AHU) within the library via a complex plumbing system. One hot water tank and one chilled water tank, both with capacities of 500 L, are connected into the water piping network for heating mode and cooling mode, respectively. The two tanks act as buffers to counter any temporary imbalance between the instantaneous capacity of the heat pumps and heating or cooling demand. The plant is designed for fully automatic control and also permits manual control of operational mode for each heat pump. In the DX loop, the refrigerant used in the heat pump is directly circulated through the copper ground U-tubes installed in two 80-m-deep heat rejection boreholes. In contrast, the CW system uses an additional heat exchanger at the ground surface to transfer heat between the refrigerant and condenser water. The water is then circulated through the ground loop consisting of four 100-m-deep operating boreholes in a square diamond pattern. The six operating boreholes, regardless of the depth, are all 8 meters apart. Apart from the operating boreholes, each loop system has three monitoring wells at the same depth of its operating boreholes ambient ground temperatures with depth, as shown in Figure 1b . In addition, there is a 100-m-deep background monitoring borehole approximately 50 m away from its nearest operating borehole. This well provides reference measurements on the ground conditions of this area during the long-term operation of GSHP system.
On the ground, the two heat dumps supply hot or chilled water to a number of air handling units (AHU) within the library via a complex plumbing system. One hot water tank and one chilled water tank, both with capacities of 500 L, are connected into the water piping network for heating mode and cooling mode, respectively. The two tanks act as buffers to counter any temporary imbalance between Energies 2017, 10, 138 6 of 15 the instantaneous capacity of the heat pumps and heating or cooling demand. The plant is designed for fully automatic control and also permits manual control of operational mode for each heat pump. Figure 2 shows a schematic of the entire Gatton GSHP plant. The detailed specifications of the two ground heat exchanger-heat pump loop systems are listed in Table 2 .
Energies 2017, 10, 138 6 of 15 Figure 2 shows a schematic of the entire Gatton GSHP plant. The detailed specifications of the two ground heat exchanger-heat pump loop systems are listed in Table 2 . As an experimental facility, the GSHP plant is comprehensively instrumented. PT100 series resistance thermometers are installed at 5 m depth, and every 20 m along the borehole depth for the background monitoring borehole, for the three monitoring boreholes for each GSHP system, and for As an experimental facility, the GSHP plant is comprehensively instrumented. PT100 series resistance thermometers are installed at 5 m depth, and every 20 m along the borehole depth for the background monitoring borehole, for the three monitoring boreholes for each GSHP system, and for one heat exchange borehole for each GSHP system (the heat exchange borehole located adjacent to the monitoring wells).
In addition to earth temperature, the underground water pressure is also monitored at the bottom of the background monitoring borehole using a pressure sensor. On the ground, the two heat pump units and the plumbing system including all the major valves and supply pumps are all monitored through temperature, pressure, flow sensors and energy meters. Real-time monitoring data from the instrumentation is logged onto a building management system (BMS) and can be accessible via a cloud based online system.
Ground Thermal Condition
The thermal conductivity and diffusivity of the rock formation into which the ground heat exchanger is inserted determine not only the ground heat exchanger size but also the long-term performance of the GSHP system. Higher thermal conductivity allows the rock is able to conduct heat away at a faster rate (i.e., achieving better performance during operation), and to return to initial temperatures within a shorter time period (i.e., allowing better performance improvements from system downtime). Additionally, the temperature of the ground after a few years' operation is predictable if the ground thermal properties are known. Hence, the conductivity and diffusivity of the location where the GSHP system is installed are of great importance.
A formation thermal conductivity test was conducted on the Gatton GSHP plant three months after the completion of the loop installation, following the American Society of Heating, Refrigeration, and Air-Conditioning Engineers and the International Ground Source Heat Pump Association procedures. During the test, one U-tube of the CW loop was filled with water and connected to a mobile geothermal test unit which heated the water at an approximately constant rate. The heated water was circulated in the U-tube, and the following measurements were recorded at 5-min intervals for a period of 48 h: water loop temperature at the inlet (supply) and outlet (return) of the borehole, the arithmetic mean of both, and the heating power.
The circulating water used in the test had already been stored in the U-tube for several hours before the test start-up. The return water temperatures measured in the first few minutes of the test before heating was commenced were assumed to represent undisturbed ground temperatures, among which the lowest one approximately indicates the temperature at the base of the borehole. Table 3 presents summary statistics of the formation thermal conductivity test.
The data from the thermal conductivity test was analysed using the Kelvin's line source theory, which approximates the borehole heat exchanger as an infinitely thin line source of heat and assumes constant ground thermal properties (i.e., that the grout and local perturbations in the surrounding earth have negligible effect). According to the theory, the ground temperature T, as a function of radial distance r from the line source at time t, is given by:
where k is the ground thermal conductivity in W/(m· • C); L is borehole depth in m, q is heat input rate in W; r is radial distance from the line source in m; t is time in h; T 0 is the initial (undisturbed) earth temperature in • C; α is the soil thermal diffusivity in m 2 /s; and γ is a dimensionless constant.
As the borehole thermal test is sufficiently long, the outward conduction through the earth from the borehole dominates the heat transfer between the circulating water and the ground. Therefore, it is assumed that the borehole wall temperature, T(b,t), is equal to the mean water temperature inside the U-tubes, T w , where b is the radius of the borehole. Equation (1) can be therefore rearranged to provide:
Equation (2) provides T w as a function of only t, and more importantly a linear function of ln(t) with gradient 2.303q 4πkL . If the gradient is denoted β, the ground thermal conductivity can be expressed as: Figure 3 shows the loop water temperatures and the heat input rate data versus the logarithm of elapsed time. A linear curve fit was applied to the average of the supply and return loop temperature data, starting at the 24th hour, using the method of least squares. The slope of the line was found to be 4.309. Using Equation (3) the thermal conductivity was consequently found to be 2.45 W/(m·K). The thermal diffusivity was estimated to be 0.0093 cm 2 /s by using the thermal conductivity and the estimated density and specific heat capacity of sandstone. . If the gradient is denoted , the ground thermal conductivity can be expressed as: Figure 3 shows the loop water temperatures and the heat input rate data versus the logarithm of elapsed time. A linear curve fit was applied to the average of the supply and return loop temperature data, starting at the 24th hour, using the method of least squares. The slope of the line was found to be 4.309. Using Equation (3) the thermal conductivity was consequently found to be 2.45 W/(m·K). The thermal diffusivity was estimated to be 0.0093 cm 2 /s by using the thermal conductivity and the estimated density and specific heat capacity of sandstone. 
Up-To-Date Operating Performance
The Gatton GSHP plant began its first year trial run in late January 2016. The plant operates in a cooling mode all the time on a 24/7 basis, targeting the set-point temperature of 14 °C in the Library. However, due to technical issues and maintenance reasons, a number of break-offs occurred in both DX and CW heat pump loops as well as the instrumentation system, resulting in an uncontinuous record of monitoring data. In this section, a part of the monitoring data is presented. 
The Gatton GSHP plant began its first year trial run in late January 2016. The plant operates in a cooling mode all the time on a 24/7 basis, targeting the set-point temperature of 14 • C in the Library. However, due to technical issues and maintenance reasons, a number of break-offs occurred in both DX and CW heat pump loops as well as the instrumentation system, resulting in an uncontinuous record of monitoring data. In this section, a part of the monitoring data is presented. The ground loop temperatures for both the systems respond rapidly to the sharp variations in the tank supply/return temperatures due to operation controls, mainly seen between August 2 and August 8, 2016. Long continuous operations of the DX and CW systems are seen between August 17 and August 22, and between August 8 and August 12, 2016, respectively. During these periods, the ground loop temperatures fluctuate with the variation of ambient temperature, but show less periodic features. The mean ground loop temperatures in these two periods are listed in Table 4 . Table 4 . The ground loop temperatures for both the systems respond rapidly to the sharp variations in the tank supply/return temperatures due to operation controls, mainly seen between August 2 and August 8, 2016. Long continuous operations of the DX and CW systems are seen between August 17 and August 22, and between August 8 and August 12, 2016, respectively. During these periods, the ground loop temperatures fluctuate with the variation of ambient temperature, but show less periodic features. The mean ground loop temperatures in these two periods are listed in Table 4 . The cooling powers are determined based on the instantaneous supply and return temperatures and the water flowrate in the tank loops, namely:
m w C pw T return − T supply (4) while the electrical power consumed by the compressors are recorded by the BMS. Then the instantaneous COPs are calculated and plotted in Figure 6 . By using the data over the above two periods, the stabilized mean COPs are calculated to be 2.4 for the DX system and 3.1 for the CW system. The zero COPs that appeared during some periods indicate the systems were not working.
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The cooling powers are determined based on the instantaneous supply and return temperatures and the water flowrate in the tank loops, namely:
while the electrical power consumed by the compressors are recorded by the BMS. Then the instantaneous COPs are calculated and plotted in Figure 6 . By using the data over the above two periods, the stabilized mean COPs are calculated to be 2.4 for the DX system and 3.1 for the CW system. The zero COPs that appeared during some periods indicate the systems were not working. The actual COPs are lower than their design specification. Compressor efficiency and geothermal heat exchanger (GHE) performance are the major factors which alter GSHP performance. It is important to note that, in first few hours after every start-up, the COP of either system decreases dramatically from a quite high initial value, which is consistent with the dramatic temperature rises in the ground loops seen in Figures 4 and 5 . This implies the low COPs are attributed to insufficient heat dissipation rate in the ground.
The ground temperature variation is an important factor while assessing the performance of the GHE in continuous long-term operation. In cooling mode, the ground U-tube exchangers heat up the ground, leading to a decrease of heat dissipation rate of the exchangers. Temperatures at different depths in one of the heat rejection (denoted as HR) boreholes of the DX system are plotted in Figure  7 for the period from August 1 to August 22, 2016. The three corresponding monitoring boreholes temperatures (denoted as M1, M2, and M3) over the same period are given in Figure 8 . Similarly, temperatures in one CW system heat rejection borehole and in its three monitoring boreholes over the same 3 weeks are shown in Figures 9 and 10 , respectively. The actual COPs are lower than their design specification. Compressor efficiency and geothermal heat exchanger (GHE) performance are the major factors which alter GSHP performance. It is important to note that, in first few hours after every start-up, the COP of either system decreases dramatically from a quite high initial value, which is consistent with the dramatic temperature rises in the ground loops seen in Figures 4 and 5 . This implies the low COPs are attributed to insufficient heat dissipation rate in the ground.
The ground temperature variation is an important factor while assessing the performance of the GHE in continuous long-term operation. In cooling mode, the ground U-tube exchangers heat up the ground, leading to a decrease of heat dissipation rate of the exchangers. Temperatures at different depths in one of the heat rejection (denoted as HR) boreholes of the DX system are plotted in Figure 7 for the period from August 1 to August 22, 2016. The three corresponding monitoring boreholes temperatures (denoted as M1, M2, and M3) over the same period are given in Figure 8 . Similarly, temperatures in one CW system heat rejection borehole and in its three monitoring boreholes over the same 3 weeks are shown in Figures 9 and 10 , respectively. The cooling powers are determined based on the instantaneous supply and return temperatures and the water flowrate in the tank loops, namely:
The ground temperature variation is an important factor while assessing the performance of the GHE in continuous long-term operation. In cooling mode, the ground U-tube exchangers heat up the ground, leading to a decrease of heat dissipation rate of the exchangers. Temperatures at different depths in one of the heat rejection (denoted as HR) boreholes of the DX system are plotted in Figure  7 for the period from August 1 to August 22, 2016. The three corresponding monitoring boreholes temperatures (denoted as M1, M2, and M3) over the same period are given in Figure 8 . Similarly, temperatures in one CW system heat rejection borehole and in its three monitoring boreholes over the same 3 weeks are shown in Figures 9 and 10 , respectively. The heat rejection borehole temperatures vary rapidly when the systems start up or shut down in Figures 7 and 9 . Oscillations are seen around the continuous operating temperatures, attributed to diurnal variation in system load. It is noted that, unlike the the CW heat rejection borehole where temperature decrease is regular with depth, the DX borehole temperature peaks at a 60-m depth, followed by a great drop at the 80-m depth. This observation is definitive evidence that the refrigerant condenses near a depth of 60 m, releasing a large amount of latent heat which heats the surrounding borehole up to a high temperature. There is no phase change in CW loop, and consequently the temperature profile is monotonic. The heat rejection borehole temperatures vary rapidly when the systems start up or shut down in Figures 7 and 9 . Oscillations are seen around the continuous operating temperatures, attributed to diurnal variation in system load. It is noted that, unlike the the CW heat rejection borehole where temperature decrease is regular with depth, the DX borehole temperature peaks at a 60-m depth, followed by a great drop at the 80-m depth. This observation is definitive evidence that the refrigerant condenses near a depth of 60 m, releasing a large amount of latent heat which heats the surrounding borehole up to a high temperature. There is no phase change in CW loop, and consequently the temperature profile is monotonic. The heat rejection borehole temperatures vary rapidly when the systems start up or shut down in Figures 7 and 9 . Oscillations are seen around the continuous operating temperatures, attributed to diurnal variation in system load. It is noted that, unlike the the CW heat rejection borehole where temperature decrease is regular with depth, the DX borehole temperature peaks at a 60-m depth, followed by a great drop at the 80-m depth. This observation is definitive evidence that the refrigerant condenses near a depth of 60 m, releasing a large amount of latent heat which heats the surrounding borehole up to a high temperature. There is no phase change in CW loop, and consequently the temperature profile is monotonic. The heat rejection borehole temperatures vary rapidly when the systems start up or shut down in Figures 7 and 9 . Oscillations are seen around the continuous operating temperatures, attributed to diurnal variation in system load. It is noted that, unlike the the CW heat rejection borehole where temperature decrease is regular with depth, the DX borehole temperature peaks at a 60-m depth, followed by a great drop at the 80-m depth. This observation is definitive evidence that the refrigerant condenses near a depth of 60 m, releasing a large amount of latent heat which heats the surrounding borehole up to a high temperature. There is no phase change in CW loop, and consequently the temperature profile is monotonic. The surrounding earth responds to the heat rejection differently depending on the horizontal offset distance from the heat exchanger bore, but not necessarily on depth, as seen in Figures 8 and 10 . Generally speaking, the temperatures in the borehole at a 2-m distance (M1) are the highest, while the variations are also most significant. By contrast, the temperatures remain the lowest and nearly unchanged in the borehole at an 8-m distance (M3) over the three weeks. The observation implies that the "sensible temperature" transfers at a very low speed in the ground-even at a 2-m distance the earth temperatures rise only around half a degree, which is much lower compared to the temperature variations in the heat exchanger bores. This is supporting evidence of the earlier argument that the heat dissipation rate in the ground is insufficient.
The above discussion is based on the observations over a relative short period-3 weeks. The ground temperature variations for a longer time scale are given below. Figures 11 and 12 show the earth temperatures all at a 60-m depth in three monitor boreholes between January 28 and December 2, 2016 for DX and CW systems, respectively. The dashed lines are the accumulated cooling powers of the systems converted into kWh which are equal to the accumulated heat dissipated in the ground. Since temperature change in the surrounding earth is not necessarily related to depth, the data at one depth in a borehole can approximately represent the variation in the entire borehole. The surrounding earth responds to the heat rejection differently depending on the horizontal offset distance from the heat exchanger bore, but not necessarily on depth, as seen in Figures 8 and  10 . Generally speaking, the temperatures in the borehole at a 2-m distance (M1) are the highest, while the variations are also most significant. By contrast, the temperatures remain the lowest and nearly unchanged in the borehole at an 8-m distance (M3) over the three weeks. The observation implies that the "sensible temperature" transfers at a very low speed in the ground-even at a 2-m distance the earth temperatures rise only around half a degree, which is much lower compared to the temperature variations in the heat exchanger bores. This is supporting evidence of the earlier argument that the heat dissipation rate in the ground is insufficient.
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